Introduction Number 2
Partition coefficients between n -hexadecane and methanol-water mixtures are reported and analyzed for a series of alkylbenzenes and aliphatic alcohols. A custom-designed flask which has a side arm attached near the bottom was used for the measurements. The hexadecane layer was sampled from the top of the flask, and the aqueous layer was sampled through the side arm of the flask. Both phases were analyzed by an appropriate analytical technique. either gas or liquid chromatography, to determine concentrations. A lattice-model theory suggests a correlation between the hexadecane/methanol-water partition coefficients and the solute molar volume for each solute group type and between the hexadecane/methanol-water partition coefficients and the volume fraction of March-April 1988 water in the aqueous phase. The molefraction-based activity coefficients calculated from the partition coefficients compare favorably to those determined by a headspace gas chromatographic method. Finally. based upon the data contained herein, the retention mechanism in reversed phase liquid chromatography appears to involve the stationary phase as more than just a passive receptor.
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Accepted: November 25, 1987 Partition coefficients have been measured or estimated for a large number of solutes in an octanol/ water system [I] . Recently, the partition coefficients between n ~hexadecane and water were reported for a series of n -alkylbenzenes, n -alkanes, n -I-alkenes, n -I-bromoalkanes, and n -I-alcohols [2] . For this paper, the partitioning of n·alkylben-zenes and I-alcohols between hexadecane and methanol-water mixtures was studied in an effort to relate this partitioning to retention in reversed phase liquid chromatography (RPLC).
RPLC involves the distribution of a nonpolar or moderately polar solute between a polar mobile phase (the eluent) and a relatively nonpolar stationary phase [3] . The stationary phase is made up of silica gel particles to which n -alkyl chains (often, n -octadecyl) have been bound. The most common eluents are generally not pure solvents, but rather mixtures of an organic solvent (often, methanol or acetonitrile) and water. When methanol and water are mixed, the solvent properties change [4] . For example, with an increasing percent of methanol in water, the viscosity first increases and then decreases, reaching a maximum at approximately 35% (v/v) methanol in water. The dielectric constant decreases in an almost linear fashion, and the surface tension decreases more rapidly between 0 and 20% (v/v) methanol in water than between 20 and 100% methanol in water.
It has been argued that mobile phase interactions are of principal importance in the control of solute retention, with the nonpolar stationary phase acting mainly as a passive solute acceptor [5] . Many workers in the field (e.g., [6] - [8] ) have measured RPLC capacity factors (k ') as a function of the volume fraction of organic solvent in water. The capacity factor (k ') is given by
where t, is the retention time of the solute of interest and to is the retention time of an "unretained solute. H The net retention volume, Vn, also has been correlated with the volume fraction of water in the mobile phase [9] . Most of these studies attribute the changes in retention with a change in volume fraction solely to mobile-phase effects.
In the present study, solute partition coefficients have been determined between n -hexadecane and methanol-water mixtures for a series of alkylbenzenes and I-alcohols. In addition, the mutual solubility between hexadecane and methanol has been investigated at 25 'C. Previous partition coefficient measurements done in this laboratory have utilized a generator column attached to an extractor column, a short column packed with CI8 material [2] . Since the methanol contained in the aqueous phase would strip the solute from an extractor column, a sit-flask technique similar to that reported by Polak and Lu [10] was used for the present study. The flask had a side arm attached near the bottom which permitted sampling of the aqueous phase without contaminating the syringe with the hexadecane phase. The flask sat undisturbed for 7 days at room temperature, 23 'c. Both phases were analyzed by an appropriate analytical technique, either gas or liquid chromatography. The partition coefficient is the ratio of the concentration in the hexadecane phase to that in the aqueous phase.
As for the hexadecane/water partition coefficient [2] , a lattice-model theory suggests a correlation between the hexadecane/methanol-water partition coefficients and the solute molar volume for each solute group type. Using this lattice-model theory, an expression is obtained that relates the hexadecane/methanol-water partition coefficients to the volume fraction of water in the aqueous 162 phase. Finally, the partition coefficients are used in conjunction with chromatographic data to examine the retention mechanism in RPLC.
Background Thermodynamics
In this treatment, the solute is designated as component a, water as component b, methanol as component b', and hexadecane as component h. Hence, the partition coefficient of a solute between hexadecane and methanol-water mixtures is denoted by Khl%w or Ka(hlb'+b)' In addition, the volume fraction of water in the methanol-water mixtures is denoted by lib, and that of methanol by lib" The partition coefficient between hexadecane and methanol-water mixtures is then defined by where 'Y. is the volume-fraction-based infinite-dilution solute activity coefficient, with the convention that 'Ya-?l as Oa-?l, where Oa is the volume fraction of the solute. Note that eq (2) is analogous to equations for the octanollwater and hexadecane/water partition coefficients [II] .
From the Flory-Huggins theory, which is based on a random-mixing (Bragg-Williams) approximation, the solute activity coefficients in water, methanol, and hexadecane are given by [12] In
In these equations, r; is the total number of segments in a molecule of component i which is pro-By definition, the solute, component a, is composed of group type I, the methyl and methylene groups and group type 2, the substituent group. Water, component b, is composed of group type 3, and methanol, component b', is composed of group type 3'. Hexadecane, component h, is composed of group type I, the methyl and methylene groups. Expanding eqs (3) , (4) , and (5) to include the group types and substituting the results into eq (7) , the hexadecane/methanol-water partition coefficient is now given by (8) where ri. is the number of segments of group type i in the solute molecule (r. = rl. + r,J and where Xii is now a group interaction parameter per unit segment.
Knowing the hexadecane/methanol-water partition coefficient at a limited number of volume fractions of water in methanol, Ob' it is convenient to be able to predict the partition coefficients at other values of lib' Neglecting terms involving the product IIbllb' (X 33 ,;::::O) and noting that lib + lib' = I, eq (8) becomes (9) Therefore, a plot of In K,(h/b+b') versus lib would yield a straight line with a slope of rl, [X 13 -X (10) However, ra is proportional to Va*, the molar volume of the solute and r2a is proportional to V 2a *, the molar volume of the solute functional group. The partition coefficient can now be rewritten as 
Experimental
A sit flask was used for the partition coefficient measurements. The solute was quantitatively added to the hexadecane phase. The aqueous layer was placed at the bottom of a flask containing a side arm. The hexadecane-solute mixture was also added to the flask. This flask was then allowed to sit in a room kept at 23 'c without stirring for at least 7 days [10] . The propylbenzene in hexadecane/lOO% methanol partition coefficient (Kh/O%w) was used as the test system. Samples of both layers were removed and analyzed after 3, 5, 7, 9, and II days of sitting. The Kh/O%w value was constant within experimental error from day 7 to day 11.
Both phases were analyzed by an appropriate analytical method, either gas or liquid chromatography. The hexadecane layer was sampled through the top of the sit flask while the aqueous layer was sampled through the side arm.
Results and Discussion
The mole fraction of methanol in n -hexadecane at 25 'c is 3 X 10-3 mole hexadecane per total number of moles in the methanol phase, and the mole fraction of n-hexadecane in methanol at 25 'C is 4.25 X 10-2 mole methanol per total number of moles in the hexadecane phase. The results for the partition coefficients between hexadecane and methanol-water mixtures are given in tables I, 2, and 3 for the alcohols, benzene, and alkylbenzenes, respectively. The data revealed some dependence of the partition coefficient between hexadecane and methanol-water mixtures on concentration of the alcohol in the hexadecane phase for the alcohols studied. Riebesehl and Tomlinson [13] noted that, although alcohols tend to self-associate in nonaqueous solution, association below 10-2 mol! L is extremely small. Backlund et al. [14] measured the partition coefficients of alcohols between octane and alcohol-water mixtures. They noted a concentration dependence of the partition coefficient indicating self-association of the alcohols in the octane phase. In the case of the alkylbenzenes, a clear dependence on concentration was found for the partition coefficients, especially between hexadecane and 100% methanol (KhJo%w), suggesting aggregation effects. As Karickhoff and Brown [15] suggested, the monomer partition coefficient is determined by reducing the solute concentration below the aggregation threshold concentration, experimentally determined by consecutive dilutions. Association generally tends to raise the partition coefficient, and dissociation tends to lower the partition coefficient [16] . In the case of benzene and the alkylbenzenes, with increasing aromatic concentration in the hexadecane phase, the hexadecane/methanol partition coefficient first increases. For the alkylbenzenes, the Kh/O%w levels off at this point. For benzene, however, KhJo%w next reaches a minimum and then increases again. In all cases (alcohols, benzene, and alkylbenzenes), the lowest value of Kh/o%w determined was taken as the "true" value.
There are only three sets of literature values of any similarity to those reported here, two of which are those of Krustulovic et al. [17] and Lochmuller and Wilder [18] who determined the liquid-liquid extraction between n -hexadecane and a 90% acetonitrile in water mixture for hexane and octane or a 50% methanol in water mixture for benzene and toluene, respectively. They determined the relative partition coefficients in the hexadecane layer, log a, however. The other set are preliminary data of Hussam and Carr [19] who determined the infinite dilution activity coefficients of benzene, toluene, ethylbenzene, n -propylbenzene, and n -butylbenzene in methanol-water mixtures at 30 'C by a headspace gas chromatographic method. They studied solutes at concentrations as low as 10- In a previous publication [2] , the volume-fraction-based activity coefficients in hexadecane as determined from a gas-liquid chromatographic experiment are reported. Using the relationships for activity (a) of a solute, one can relate the activity coefficient on a volume-fraction basis ('Y •. ,) to that on a mole-fraction basis ('Y,~), i.e.
(12) Table 3 . Dependence of the bexadecane/methanol-water partition coefficients on concentration in hexadecane and percent methanol in the aqueous phase for biphenyl and the alkylbenzenes 'Hussam and Carr [19] .
b Ratio of molar volumes.
C Determined from aqueous solubility [2] .
In KhI%w and 'Ya(h),x, the mole-fraction-based activity coefficients at the corresponding mole fraction of water in methanol are calculated using eq (2) ( The hexadecane/methanol-water partition coefficient, similar to the hexadecane/water and octanol/water partition coefficients [2] , is linearly related to the solute molar volnme by eq (11) . As can be seen in figures I and 2 for the alkylbenzenes and alcohols, respectively, there is a linear relationship between In Kh/%w and solute molar volume at a particular volume percent for the solntes studied. The volume percents of water in methanol used are 0%, 20%, 50%, 80%, and 100% water in methanol.
In figure I , equations for each percent of water in methanol are: The worst correlation coefficient is for the alkylbenzene partition coefficients in 100% methanol, where as seen in tables 2 and 3, there is considerable dependence of these values on the concentration of alkylbenzenes in the hexadecane phase, making it difficult to determine the "true" infinitedilution partition coefficient.
14r---------------------------------,
One notes in eq (11) that both the slope and intercept of plots of In Kh/%w versus V.' depend on the volume fraction of water in methanol, (Jb' As can be seen in figures 1 and 2, as 8 b increases the slopes increases for a given homologous series. Also, the slopes are approximately the same at a given (Jb for the alkylbenzene and alcohol series. However, the intercepts are highly negative for the alcohols, becoming more so with increasing 8 b , 168 while they are much less negative and essentially independent of (Jb for the alkylbenzenes. To interpret these trends, let us first examine the dependence of the partition coefficients on (Jb, shown in figures 3 and 4 for the alkylbenzenes and alcohols, respectively.
In figure 3 , equations of the lines are:
Benzene Journal of Research of the National Bureau of Standards Workers [6, 8] have studied the dependence of the RPLC capacity factor (k') on the volume fraction of water in methanol. Hennion et al. [6] found a linear relation between In k' and Ob, while other workers [8] contend that these plots are linear for only part of the aqueous volume fraction range. Theoretical justification for a linear relationship between In Kh/%w and Ob is given by eq (9), which reveals that both the intercept and slope depend on ',.. the number of alkyl segments in the solute molecule.
To analyze figures 3 and 4 in terms of eq (9) , let us first assign one segment to each methylene group. Accordingly, from relative van der Waals volumes [20] , a methyl group would correspond to 1.33 segments, a bound hydrogen atom to approximately 0.33 segments, and a phenyl group to 4.48 segments. Thus, 'b= 1.00 (water), 'b' =2.00 (methanol), 'h= 16.67 (hexadecane), and, for the solutes, alkylbenzenes: " =4.48 + (n, +0.33) (14) alcohols: " =0.67 + (n, +0.33),
where na is the number of carbon atoms in the so~ lute n-alkyl chain, ',,=n,+0.33, and '" is 4.48 and 0.67 for the phenyl and hydroxyl groups, respectively. Using these assigned volumes and eq (9) a linear least-squares analysis of the coefficients of the Ob term for alkylbenzenes ( fig. 3 ) as a function of '" gives X"-X,,.= 1.56 and X"-X,,.= 1.45, with a correlation coefficient of 0.997. These results indicate that, in terms of interaction energetics, both the phenyl group and alkyl groups prefer to dissolve in methanol rather than water. Similarly, analysis of the intercepts of the plots ( fig. 3) 
As discussed earlier and as can be seen by comparing eqs (16) and (17), the coefficients of the V, *
term are approximately the same for the alkylbenzene and alcohol series, and they increase with increasing Ob, primarily reflecting the unfavorable mixing of alkyl groups with water, relative to their mixing with methanol (X"-X,,.). For the alkylbenzenes, the intercepts in figure I are negative and are virtually independent of Ob' This can be understood by examining the V" * term in eq (16) in the light of eq (11) . The lack of a discernible dependence of these intercepts on Ob reflects the near cancellation of four X terms in eq (11), i.e., X"-X".-X,,+X,,.;::::O. The negative intercepts stem primarily from the relative preference of methanol for phenyl groups over alkyl groups, i.e., X".-X,,<O. For the alcohols [eq (17) ], the intercepts in figure 2 are highly negative and become even more negative with increasing Obo When Ob=O (pnre methanol), the intercept is proportional to X".-X"-X,,. (= -9.37). Clearly, the very negative X".-X", reflecting the solution preference of hydroxyl groups for methanol rather than alkyl groups, governs here. With increasing 0" both the preference of hydroxyl gronps for water over methanol (X"-X,,.= -4.41) and of alkyl groups for methanol over water (X13,-XI3= -1.7S) lead to more negative intercepts. Note that even though V,,* for the hydroxyl group is smaller than that of the phenyl group by a factor of about 6.7 (from the ratio of r" values), the coefficient of the V,,* term in eq (17) is more negative by a factor of 22 (0,=0) to 50 (0,= I) than the corresponding coefficient in eq (16) .
Finally, we address the important question as to whether the entire dependence of solute retention on mobile-phase composition can be attributed solely to the mobile phase or whether the stationary-phase contribution varies with mobile-phase composition also. Assuming that in RPLC systems the solute partitions between two "bulk" phases, the net retention volume is given by (IS) where K'('!b+b') is the partition coefficient of the solute between the mobile phase and stationary phase and C, is the capacity of the stationary phase, given here by V" the volume. The partition coefficient is the ratio of the volume-fraction-based activity coefficients such that Ka(S!b+b') = 'Y a(b+b'/'Y a(s), (19) where 'Ya(s) is the apparent activity coefficient of the solute in the stationary phase. Therefore, substituting eq (19) into eq (IS) and using eq (2), the hexadecane/methanol-water partition coefficient (K,(h/b+,·)=Kh/%w) divided by V, is given by Using V, determined on a Zorbax ODS column at 25 "C [9] , the plots of In [Kh/%JVJ versus 0" the volume fraction of water in methanol, are shown in figures 5 and 6 for the alkylbenzenes and alcohols, respectively. It is observed that In [Kh/%wIV,] decreases with increasing 0, for the solutes studied.
Again we are assuming that the RPLC retention is governed by a single mechanism involving solute partitioning between the mobile phase and the stationary phase consisting of the bonded C IS chains and any solvent (methanol andlor water) which is absorbed by the chains. Examining eq (20) , one expects that C. should decrease with increasing 0, since any solvent uptake decreases with increasing Ob' This, however, leads to an increase in 171
In [Kh/%wIV,] . Therefore, y,(,) must decrease dramatically with increasing 0,. The solute may be experiencing a mixed CIS+methanol environment with pure methanol (0,=0). Presumably, the methanol is gradually expelled from the stationary phase with increasing 0" leading to a more favorable environment thus the decrease in y.!,). In any event, the stationary phase contribution to Vn is not independent of 0,.
Another possible interpretation is that RPLC retention is governed by some multiple mechanism where the relative contributions vary with 0,. Considering a dual mechanism (s and t), Here, s might refer to contributions from solute absorption (solvation) by the CI8 chains plus a limited amount of incorporated methanol, and t might refer to the contribution from solute adsorptionl displacement at the mobile phase-bonded phase interface. At the interface, the composition of the relevant interfacial layer would vary with lib and is richer in methanol than the mobile phase. C, is then the volume of the bonded phase with any solvent uptake included, and C, is the volume of the interfacial layer which may vary with varying lib' Therefore, the partition coefficients are given by 
where y, (,) and y'(') are the apparent solute activity coefficients in the stationary phase for retention modes sand t, respectively. Now the hexadecanel methanol-water partition coefficient divided by the 172 net retention volume is given by
Looking at eq (24), one could argue that C.ly,(,) should remain fairly constant as 8 b increases since there should be little uptake of solvent within the CI8 chains. Therefore, the observed decrease in
In [Kh/%wl V,l with increasing lib would then be due to an increase in (y,(,P,)/(y, (,P,) suggesting that 'Ya(t/C" primarily 'Ya(I») must decrease with increasing Yb' Possibly, as lib increases, the interface becomes less rich in methanol so the solute can more readily displace the adsorbed solvent, thus lowering 'Ya(t). From these observations, it is clear that regardless of the retention mechanism, single or multiple, the stationary phase is not a "passive receptor." It appears to become progressively more hospitable to the solute with increasing lib'
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